Akwa Ibom State is located in the Niger delta region of Nigeria. The coastal plain sand aquifer, which underlies the area, is the major source of potable water for domestic, agricultural, and industrial use. The increase in demand for water has led to an increased exploitation of the aquifer in the last few years. Hence it is essential to quantify the amount of exploitable water in the aquifer. To achieve this goal, a regional numerical groundwater flow model using MODFLOW was calibrated under steady-state conditions to determine the aquifer's hydraulic conductivity ( 
A. Edet et al. 194 habitants in 1991, while in 2006, 3,902,051 people lived in the area. This growing population alongside expansion of urban, agricultural and industrial activities has led to an increase in the demand for water in the area. The demand is partly achieved by the indiscriminate sinking of boreholes by individuals, communities, private organizations, government at local, state and federal levels and donor agencies including UNICEF, EU, ADB, the World Bank, etc. All these activities result in an increase in groundwater abstraction from the main hydrogeological unit, the Coastal Plain Sand aquifer.
What worsens the situation is the lack of a law enabling the control of the abstraction of groundwater in the area. Hence, there is a need for an effective management document to be in place for conserving and controlling the use of the available groundwater resource. This study therefore is the first attempt to numerically model groundwater flow under steady-state conditions in Akwa Ibom State. The main objective is to develop a regionalscale steady-state groundwater flow model for the area. Minor objectives include the determination of hydraulic conductivity and recharge characteristics using available hydrogeological information and applying inverse modeling technique based on the pilot point and zonation techniques.
Study Area

Geographic Setting
Akwa Ibom State shown in Figure 1 [1] , is the one of the coastal states in the Niger delta region of Nigeria covering an area of about 7081 km 2 , extending between latitudes 4321 -5331 north and longitudes 7251 -8251 east. It is about 150 km long and its width varies between 60 km in the north and 100 km in the south with an average elevation of about 60 masl. The area is bounded on the south by the Atlantic Ocean, on the southwest by Imo River and southeast by Cross River. On the northwest, north and north east the area is bounded by Cretaceous to Tertiary sediments. Precipitation is high in the south (>3000 mm/a) and decreases northwards (<2000 mm/a) with an average of 2500 mm/a [2] . Air temperature (26˚C -28˚C) is uniform throughout the year [2] [3] . During dry season, the water level in rivers and streams decreases suggesting that part of the river is recharging the aquifer besides precipitation. Pan evaporation rates vary between 4.6 and 5.0 mm/d [2] . The Akwa Ibom area lies within the region of Nigeria, which is characterized by equatorial climate and tropical rainforest [4] .
Geologic Setting
The geology of the Akwa Ibom area has been extensively studied by [5] - [9] . As presented in these publications, the area is underlain by late Cretaceous to Quaternary sediments. The lowermost sediment is lateritic sandstone with minor shale of the Maastrichtian Nsukka Formation. Throughout the Paleocene to Early Eocene, a thick shale intercalated with sandstone and limestone was deposited (Imo Shale Formation), while in the middle of the Eocene semi-consolidated sandstone, siltstone and minor shale were deposited (Bende Ameki Formation). Since the Miocene-Oligocene grit and sand with intercalations of clay and lignite beds were deposited constituting the Ogwashi-Asaba Formation. Overlying this formation is a thick sequence of gravel, sand, silt, and clay constituting the Benin Formation also known as the Coastal Plain Sands and alluvial ridges.
Hydrogeologic Setting
The area has three hydrostratigraphic units including the Alluvial Deposit, Coastal Plain Sand and Lower Sand Aquifers [10] [11] . The Coastal Plain Sand aquifer is the most extensive and is separated from the Lower Sand aquifer by the Imo Shale aquiclude. The aquifer is composed of sand, gravel, and sandstone with clay intercalations. The thickness of the aquifer varies between 35 m in the north and 200 m in the south. The aquifer is considered to be semi-confined or unconfined, especially in the southern parts of the area. The main groundwater flow direction is from north to south into the Atlantic Ocean. There are also variations in the northeast-southwest and northwest-east directions into the Imo River and the Cross River.
Groundwater Flow Model
Based on the knowledge of hydrogeological system, a steady state mathematical model of the coastal plain sand aquifer was developed. The area of study is 7081 km 2 , therefore the model has a regional character. The hydrogeological conditions were defined from more than 200 boreholes drill log. Borehole data were obtained from [1] . together with data from limited field visits were used to conceptualize a hydrogeological model for the area. The conceptual model was translated into a numerical model and calibrated under steady-state conditions, using the 1980 data. The study employed the Modular Finite Difference groundwater flow simulation code, MODFLOW developed by [12] and modified by [13] . A pre-and a post-processor, Groundwater Modeling System (GMS), developed by the Environmental Modeling Research Laboratory of Brigham Young University [14] was used to interface with MODFLOW. The GMS software consists of a core module, the "calculation module" for a number of codes (i.e. MODFLOW, MT3DMS, MODPATH, etc.) and a series of independent subroutines called "modules", which simulate a specific feature, which characterizes the hydrogeological system. The GMS allows for several alternatives to solve the inverse problem. Here PEST, a model-independent optimizer [15] [16] was used to accomplish the task. PEST has some similarities with existing nonlinear parameter estimation software; it has been designed to allow interfacing with any model without having to make changes to the model [17] . MODFLOW was used for the study because the program is well documented in the public domain code and has been used in almost all terrains of the world and found to produce reliable results [18] - [20] .
Hydrogeological Conceptual Model
A hydrogeological conceptual model is developed by taking into account all available geological and hydrogeo-logical data, including aquifer parameters and groundwater level observations [19] . The development of the conceptual model includes two main objectives (i) process identification and model structure identification. These processes represent the best description of the hydrogeological system of the area under consideration based on available data and hydrogeological understanding of the area [21] .
The study area has been characterized to achieve the most representative conceptual model. Lithology was grouped into three main units, namely, sand, gravelly sand, and clay. Based on the characterization, it is concluded that the sand/gravelly sand and the clay layers are hydraulically connected. The three layers were then merged to constitute a single equivalent layer with an equivalent hydraulic conductivity and a thickness equal to the sum of their thicknesses. This approach of an equivalent single monolayer model is, however, consistent with hydraulic head measurements which did not show any significant difference for the different layers. This is necessary as a multilayer model will be difficult and unrealistic due to limited data to calibrate such a model.
Survey of groundwater levels overtime demonstrate that they vary slightly. Hence groundwater levels measured in 1980 by [2] , which to date are most reliable are assumed to represent steady-state conditions. Groundwater levels range from 3.20 to 63.48masl in the modeled area. Groundwater flow in the aquifer is governed by the conditions at the boundary of the regional system [18] . The boundary conditions for the area are approximated as constant head with the Atlantic Ocean in the south. The southwest and southeast along Imo River and Cross River were considered as river boundaries, while the northwest, north and northeast were taken as no-flow boundaries as presented in Figure 2 .
The rate of recharge varies within the modeled area. Six recharge zones have been demarcated based on the amount of rainfall, topography, vegetation, aquifer cover and land-use pattern. Importantly, high recharge is expected in the southern part with high precipitation (>3000 mm/a), gentle topography and sandy aquifer cover. Recharge decreases northwards with reduced precipitation (<2000 mm/a), moderate to high topography and clayey aquifer cover. The mean stream flow of the rivers for the modeled area varies between 8.32 m 
Numerical Modeling
A mathematical model is the assembly of numerical data sets that reflect the conceptual model, and the computer-coded package of equations that enable calculation of changes in water level or pressures in the various geological strata to be calculated. As mentioned earlier, MODFLOW a public domain groundwater flow modeling software package was used to evaluate the Coastal Plain Sand aquifer of Akwa Ibom area. MODFLOW was applied to construct an equivalent single-layer two-dimensional mathematical model of the aquifer under study using all the available hydrogeological, hydrological, pumping and climate data developed from the extensive investigation by [2] and limited own fieldwork.
The origin of the model is 326000.00 m in x-direction and 489000.00 m in y-direction (UTM WGS 1984, zone 32N). The aquifer system was divided into 207 columns and 252 rows; the total number of grid cells was 52164 of which 27,877 were active, while 24,287 were inactive. Grid spacing in the active zone in both x and y directions was 500 m resulting in a modeled area of 6840 km 2 . Due to the availability of historical and reliable data on hydraulic head at a number of wells in 1980, it was chosen as the calibration year. The water level for the modeled area ranged between 3.2 m in the south and 63.48 m in the north with respect to mean sea level. The model input parameters include transmissivity (T), hydraulic conductivity (K), storage coefficient (S), recharge (R), well discharge (Q), river influence and boundary conditions. Based on the data obtained from [2] In the Akwa Ibom area, more than 3000 wells and boreholes are tapping the aquifer. The available records of groundwater extraction for domestic and commercial water supply were used to estimate the annual discharge. The well discharge ranged between 523.7 and 4828 m 3 /d (mean 2765.6 m 3 /d). Rivers and streams contribute water to the aquifer system and vice versa depending on the hydraulic gradient between the two systems. In order to address the aquifer-river interactions, the conductance of the river bed was estimated to be 0.01 m/d with a thickness of 0.1 m. The river bed elevation and mean depth of water at each cell were obtained from [2] and topographical map of the area. The river stage varied between 3.3 m at downstream of Kwa Iboe River and 89.6 m at upstream of Cross River.
Steady-State Model Calibration
The model was calibrated by varying the aquifer's hydraulic conductivity (K) and aquifer's recharge (R). Following the work of [17] , K and R were initially assumed to be unknown. These parameters vary spatially; K was assumed to vary randomly, hence Pilot Point method [16] was used for parameterization. In case of recharge, zonation was adopted as parameterization technique to convert its spatial variability to zones of uniform values estimated in the calibration process (Figure 3(a) ). By that six recharge areas were determined as shown in Values of hydraulic conductivity at these points were calculated during the calibration process of the model. The method of pilot points requires a defined interpolation method to estimate spatial distribution of the calibration parameters using the values at the designated pilot points. The inverse distance technique was adopted for interpolating between pilot points.
The calibrated water level for 1980 is shown as Figure 4 . The modeled heads satisfactorily fit in with the observed data. The standard error (SE) of the calculated head is 1.11 m, which is satisfactory [19] . The SE is based on the formula, SE = [∑(ch-oh) Besides that the geomorphological features also play an important role. For instance, the topography of the area rises from near-sea level in the south to about 150 m in the north of the area [3] . In the flat areas in the south, the floodplains with recent alluvial deposits and beach ridges are filled with water most time of the year compared to the undulating sandy coastal plain in the central parts of Akwa Ibom and sandstone ridges/hills with steep-sided valleys in the north [3] . Such depressions in the south act as recharge points to the groundwater system in the south [22] . The hydraulic conductivity values from the pilot point calibration ranged from 1 to 75 m/d. The variations in calculated hydraulic conductivity values presented in Figure 6 indicate that the highest K values coincide with areas of unconsolidated sands and gravels and high recharge in the modeled area.
The main objective of the study was to assess the groundwater resources in the Coastal Plain Sand aquifer of Akwa Ibom State. For that purpose, groundwater flow balance and its components were calculated for the year 1980. The results are shown in Table 1 . As can be seen in Table 1 , the average recharge infiltration rate The rest of the inflow to the Akwa Ibom aquifer system comes from infiltration from the rivers. The outflow from the aquifer is mainly through natural discharge and well discharge.
Conclusions
Within the study a groundwater flow model was developed and calibrated for steady-state conditions in the study area for the year 1980.
The mathematical calculations of the model showed that the average recharge infiltration rate amounts 34.46 m 3 /d/km 2 . The recharge amounts 235722.26 m 3 /d. The estimated recharge suggests high groundwater potential for the area. This is the first time that such a study was carried out in the area, and will serve as an important basis for future groundwater management and simulation of unsteady-state groundwater modeling of Akwa Ibom State.
